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Pd-catalyzed C-N bond-forming processes, 2 in which aryl iodides have traditionally been the least successful substrates of these three aryl halides. Recent advances in this field have allowed for reactions of aryl chlorides to reach the same efficiencies as aryl bromides, 3 but relatively little progress has been made in increasing the proficiency of Pdcatalyzed C-N cross-coupling processes using aryl iodides. 3b,4 Herein, we describe an investigation into the cause of the modest results obtained with aryl iodides as substrates. We also report that catalysts using certain biarylphosphine ligands allow for the C-N cross-coupling reactions of aryl iodides to be accomplished with the same (or better) efficiencies as with other aryl halides.
Oxidative addition complexes, using P(o-tol) 3 as the ligand, exist as stable bridging halide dimers in solution. 5 While the bridging bromide dimers are readily converted to [(otol) 3 P] 2 Pd(amine)Br upon treatment with an amine, the process with the corresponding bridging iodide dimers is endergonic. 5a It was proposed that the stability of the bridging iodide dimers could be the cause of the lower observed efficiency in reactions involving aryl iodides. Preventing dimer formation would be expected to render amine binding more favorable, resulting in comparable reactivity between aryl iodides, bromides, and chlorides.
Recently we disclosed a catalyst system, comprised of ligand 1 (BrettPhos), which showed excellent reactivity for the C-N cross-coupling reactions of aryl chlorides. 3a We found that the aryl bromide and aryl chloride oxidative addition complexes, 1•Pd(Ar)X, existed as monomers in solution. Based on this, we hypothesized that the use of 1 could retard the formation of the bridging dimers in the couplings of aryl iodides and improve the overall efficiency of these reactions.
We began our studies by examining several biarylphosphine ligands for the reaction of 4-iodoanisole and aniline (Figure 1 ). Using a precatalyst based on ligand 1 (5), the reaction gave a 99% yield (GC) after 10 minutes at room temperature. When a precatalyst of 2 (6), which was previously our best biarylphosphine ligand for the coupling of aryl iodides, was employed, a 7% yield of product was detected. Two other precatalysts, with ligands 3 (7) and 4 (8) , which have been shown to yield highly active catalysts for the Pd-catalyzed C-N cross-coupling reactions of aryl bromides and aryl chlorides, each gave <14% of the desired product. These results show that for the amination reactions of aryl iodides, the catalyst derived from 1 is highly active and displays marked differences from catalysts based on other biarylphosphine ligands.
Given that Pd-catalyzed C-N bond-forming reactions are carried out in a variety of solvents, we investigated the coupling of aniline with 4-bromanisole and 4-iodoanisole in three of those most commonly employed (toluene, dioxane and DME) to probe the effect of this parameter. In toluene, the coupling of the two aryl halides with aniline proceeded at roughly the same rate (Table 1) . In dioxane and DME, however, the reactions with 4-bromoanisole were 2 and 7 times faster than the reactions with 4-iodoanisole. We would not expect the bridging dimers to be more reactive in toluene than in DME or dioxane. Moreover, kinetic studies indicated that the reaction in toluene is first order in 5. Taken together, these results indicate that the bridging iodide dimers are not playing a critical role in the overall process and that there must be another cause for the observed solvent dependence and iodide effect. It is possible that bridging dimers are important when other ligands are used (vide supra).
It has previously been shown that NaI can inhibit the C-N cross-coupling reactions of aryl bromides in DME. 3b We postulated that the solvent dependence that we were detecting for the cross-coupling of aryl iodides could be due to the solubility of the NaI byproduct in the reaction medium. To test this hypothesis, we first determined the solubility of NaI in the three solvents used in our study. 6 As expected, the greater the solubility of NaI in the solvent, the slower the reaction proceeded (Table 1) . In toluene, where NaI is sparingly soluble, there is not enough of the salt in solution to inhibit the reaction. This is consistent with our observation that the rates of reaction for both the aryl iodide and aryl bromide are comparable. These solvent effects are opposite of what has been seen for C-N cross-coupling reactions using a catalyst system based on a bidentate ligand; 3b this suggests that these results are only relevant for catalysts based on biarylphosphine ligands.
To further understand the mechanism of iodide inhibition, reaction calorimetry 7 was used to study the effect of added NaI on the initial rates for the reaction of aniline and 4-bromoanisole in DME. As expected, an inverse order in NaI was observed, which showed saturation at ca. 10% added iodide (Figure 2) . We believe that these results suggest that the iodide could be inhibiting the reaction by binding to a Pd(II) intermediate and forming a Pd ate complex (Scheme 1). This inhibition could occur at two different points on the catalytic cycle. First, the iodide could compete with the amine for binding to the Pd(II) oxidative addition complex (9). Second, the iodide could bind to the Pd(II) amido complex (10) , slowing the rate of reductive elimination. 8 We also wanted to further verify our postulate that these reactions were most efficient in toluene due to the lack of solubility of the NaI byproduct. Using reaction calorimetry the coupling of aniline and 4-iodoanisole in toluene was shown to be zeroth order in added NaI (Figure 3, ). The same reaction, with added tetrahexylammonium iodide, showed an inverse order in added iodide (Figure 3, ) . 9 This supports our hypothesis that the reactions are most effective in toluene because the NaI byproduct precipitates and is not available to inhibit the reaction.
Having found a catalyst and conditions that showed high activities for the cross-coupling reactions of amines with aryl iodides, the scope of this system was next examined ( Table 2 ). The reaction of aniline with 4-iodoanisole was successfully performed in high yield at 0.01 mol% catalyst loading in as little as 5 minutes. This rate is >10 fold faster than we previously reported for the reaction of 4-chloroanisole and aniline under identical conditions. 3a It is also notable that this is the first reported C-N cross-coupling reaction using 4-iodoanisole to be carried out below 0.5 mol% catalyst loading. 3b Ortho substitution on the aryl iodide and electronwithdrawing groups on the aniline were also well tolerated. The coupling of linear and branched primary aliphatic amines could also be carried out at low catalyst loadings and in high yields with <1% diarylation observed. This system also showed high chemoselectivity for the coupling of an iodide over a chloride. By switching to Cs 2 CO 3 as the base, a number of functional groups were all well tolerated. These substrates could be transformed using 0.1-0.2 mol% catalyst; these are the first examples of C-N cross-coupling reactions to be reported with a weak base using <0.5 mol% catalyst (most of the examples reported in the literature use 1 mol% or more catalyst). 3b We next set out to extend the efficiency we had seen for the coupling of aryl iodides with primary amines to reactions of secondary amines. We found that the precatalyst 8, based on RuPhos (4), showed similar reactivity for the coupling of aryl iodides and aryl bromides with secondary amines. 3c,10 Further, for the coupling of 4-iodoanisole and morpholine precatalyst 8 gave a 99% yield, whereas catalyst systems based on other biarylphosphine ligands gave a maximum of only 36% of the desired product (Figure 4 ). Using 8, both cyclic and acyclic secondary aliphatic amines in combination with aryl iodides gave products in excellent yields with 0.025 -0.1 mol% catalyst. N-Methylaniline and diphenylamine were also successfully coupled with aryl iodides with higher turnover numbers than any previously reported system. Functional group tolerance was also achieved by using Cs 2 CO 3 as the base with 0.1 mol% 8. Also, as shown for the reaction of piperidine with 4-iodoanisole, these couplings proceed efficiently in dioxane as well as in toluene, although a slightly higher quantity of catalyst is required.
Finally, we broadened the scope of this process to include the reactions of heteroarylamines and heteroaryliodides (Table 4 ). The lack of solubility of these very polar substrates in toluene necessitated a switch to t-BuOH. In this solvent aminopyrazine, 2-aminopyrimidine, and 2-aminopyridine were all coupled with aryl iodides for the first time in good to excellent yields. 11 An array of heteroaryliodides, which have been poor coupling partners in the past, were also effectively transformed to product (Table 4) . 3b,12 In summary, precatalysts 5 and 8 have been shown to be highly active in Pd-catalyzed amination reactions of aryl iodides. With ligand 1 (a component of 5) the formation of the bridging iodide dimers was retarded, enhancing the reactivity of the system. Inhibition by NaI was also shown to have a strong effect on these reactions. By switching to a solvent in which the iodide salt was insoluble no inhibition was observed and the reactions of aryl iodides became as efficient as other aryl halides. These catalyst systems were then applied to the coupling of aryl iodides in high yields and with low catalyst loadings with an array of both primary and secondary amines. Finally, reactions of heteroarylamines and heteroaryliodides were performed in high yields. This system is complimentary to previously reported Cu based catalysts 13 and allows the synthetic chemist to choose from aryl chlorides, bromides, or iodides, depending on their availability or ease of synthesis, for use in Pd-catalyzed C-N cross-coupling processes.
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